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Abstract 
The synthesis of benzylacetone from benzyl alcohol and of 4-(4-methoxyphenyl)butan-2-one from 4-
methoxybenzyl alcohol, which were previously performed in a batch cascade, were successfully 
performed in a telescoped flow system consisting of three micropacked bed reactors and a tube-in-
tube membrane to remove oxygen. The system consisted of approximately 10 mg of 1 wt% 
AuPd/TiO2 catalyst for oxidation, 150-250 mg of anatase TiO2 for C-C coupling and 10 mg of 1 wt% 
Pt/TiO2 for reduction, operating at 115 °C, 130 °C and 120 °C respectively. Oxygen and hydrogen 
flowrates were 2 and 1.5 NmL/min and alcohol solution inlet flowrates were 10-80 µL/min, while the 
system operated at a back pressure of 5 barg. This system achieved significantly increased yields of 
benzylacetone compared to the batch cascade (56% compared to 8%) and slightly increased yields of 
4-(4-methoxyphenyl)butan-2-one (48% compared to 41% when using the same catalyst supports). 
The major advantage of the telescoped flow system was the ability to separate the three reactions, 
so that each reaction could have its own catalyst and operating conditions, which led to significant 
process intensification.  
Keywords: telescoped synthesis; cascade synthesis; catalytic microreactor; oxidation; hydrogenation; 
coupling 
 
1. Introduction 
Over the last decade there has been a significant increase in both the number and complexity of 
telescoped flow synthesis, where flow reactors and separator systems are connected together in 
series to enable the synthesis of complex products. A large number of telescoped reactions have 
already been reported in the literature in a range of research areas including active pharmaceutical 
ingredient (API) synthesis [1-9], biofuels [10-12] and the fine chemicals industry [13-18]. These 
telescoped systems offer many opportunities for process intensification due to the inherent 
advantages of flow reactors including increased rates of heat and mass transport, access to a wider 
range of reaction conditions, increased safety and improved control of reaction conditions [19-22]. 
This recent progress in telescoped systems has largely been enabled by developments in continuous 
flow downstream processing unit operations, such as liquid-liquid separation [23, 24], extraction 
[18], gas-liquid separation [25] and crystallisation [1], as well as by developments in automation 
allowing easier control of complicated systems [26].  
Despite the considerable progress made in telescoped systems, there are still challenges to be 
overcome, one of the most important being solid handling, including both solids formed during 
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reaction and solids added to the reactor [27]. In flow reactors, pumping solids in slurries is difficult, 
especially for microreactors, and can often lead to reactor clogging and blockages making systems 
unreliable and preventing prolonged continuous operation [26]. While there are various solutions 
for lab scale slurry reactors including the use of sonication [28, 29], agitation [30], droplet flow [31], 
gas-liquid slug flow [32] or specially designed reactors including cascade of CSTRs [33-35], these 
solutions increase system complexity. Furthermore, many of these solutions require the slurry to 
flow into and out of the reactor [28-35] instead of being retained in the reactor, which may be 
required in a telescoped flow system if it is desired to use different slurry catalysts in sequential 
reactors. Retaining the slurry in the reactor is more difficult as it requires filtration before the 
reactor outlet, leading to problems with clogging. For this reason most telescoped systems which 
require solid catalysts avoid slurry reactors and instead rely on fixed bed reactors where the catalyst 
is held in place, allowing for easy separation of the gas or liquid reagents from the solid catalyst [22].  
In contrast to a telescoped system, a batch cascade is where multiple reactions occur in a single 
reactor flask without intermediate workup. Batch cascades are a promising way to reduce the 
required number of unit operations in a synthesis and increase atom economy [36, 37]. However, 
batch cascades require multi-functional catalysts or else using multiple catalysts in the same flask 
that do not negatively interfere with each other. Additionally, all reactions must occur at the same 
temperature and pressure. These requirements result in a constrained design space and it is 
anticipated that switching from batch cascade to telescoped flow, where the reactions are separated 
into different reactors, could alleviate these requirements and allow for process intensification. The 
objective of this work is to convert a recently published batch cascade process to a telescoped flow 
process to demonstrate the widened design space offered by telescoped systems, as well as 
highlighting the difficulties in converting a multistep synthesis from batch to flow. 
The reaction systems studied in this work are the multistep synthesis of benzylacetone (4) from 
benzyl alcohol (1) and of 4-(4methoxyphenyl)butan-2-one (4) from 4-methoxybenzyl alcohol (1), via 
oxidation, aldol condensation and reduction, as shown in Figure 1. Note that the oxidation step 
produces a number of side products, as multiple reactions occur in parallel including oxidative 
dehydration, disproportionation and hydrogenolysis [38]. Two feed molecules were studied to 
examine the flexibility of the flow system to different substituted groups, as in some cases the batch 
cascade showed dramatically different yields for different substituted feed molecules [39]. These 
reaction systems were chosen as the products have high commercial value as food additives, insect 
attractants and fragrances [39, 40] and because the recently developed batch cascade was more 
selective and produced less waste than current commercial production methods using Friedel-Crafts 
alkylations [40, 41]. The catalysts used in the batch study were Au-Pd nanoparticles supported on 
MgO or TiO2, and the optimum catalyst was found to be AuPd/MgO [39]. However, it was not 
possible to use MgO supported catalysts in flow, as the MgO support did not retain its mechanical 
integrity; particles broke into smaller ones leading to blockages during prolonged use. The instability 
of MgO particles is attributed to the hydroxylation of MgO to Mg(OH)2 in the presence of water, 
which has been previously reported for this system [39, 42]. Therefore only TiO2 supported catalysts 
were available for use in the telescoped system. All three of these reaction steps have been reported 
in the literature with a variety of different catalysts and reactor types, however, this work is the first 
to perform the telescoped synthesis in flow. Benzyl alcohol oxidation with molecular oxygen has 
been studied extensively [43-51] in both solvent and solvent free conditions, and the catalyst used in 
this work, AuPd/TiO2 is one of the most active, as it can achieve TOF greater than 10,000 h-1 [50], 
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reasonable selectivity [46] and its deactivation behaviour has been optimised [47]. Aldol 
condensation reactions are known to benefit from bifunctional catalysts which possess both acid 
and basic sites [52] and they have been studied with a wide range of catalysts including metal oxides 
(MgO, ZrO2 and TiO2) [53-55], double layered  hydroxides [56] and amine-functionalised SBA-15, ZrO2 
and TiO2 [52]. In this work, anatase TiO2 was chosen because it was desired to use the same catalysts 
as in the batch study [39]. The reduction of benzalacetone has been successfully demonstrated using 
Pd nanoparticles in packed beds [57] and in monolith reactors [58] and in this work both Pd/TiO2 and 
Pt/TiO2 were tested in packed bed reactors.   
 
Figure 1 Reaction chemistry for the multistep synthesis of (4), benzylacetone (R=H) and 4-(4-methoxyphenyl)butan-2-
one (R=OCH3). 
2. Materials and Methods 
2.1 Catalyst Preparation 
The 1 wt% 65:35 (weight ratio) Au:Pd/TiO2 catalyst was prepared by a modified impregnation 
method, where a round bottom flask was charged with HAuCl4 (0.53 mL, 12.25 mgAu/mL), PdCl2 
dissolved in 0.58 M HCl (0.97 mL, 6 mgPd/mL) and water (13.5 mL) following a method described in 
previously published work [47]. The monometallic 1 wt% Pd/TiO2 and Pt/TiO2 catalysts were 
prepared by impregnation, where the metal salt PdCl2 or PtCl2 was dissolved in a small amount of 
water, to which TiO2 was added. The slurry was stirred and heated until a paste was formed, then 
dried (110 °C, 16 h) and later calcined at 400 °C for 3 h. For all the supported nanoparticle catalysts 
used, the TiO2 support was P25 TiO2 (Evonik). TiO2 was used as a coupling catalyst and initially a 21 
nm particle size nanopowder (Sigma Aldrich, 99.5% pure, 75% anatase and 25% rutile) was used. 
However, after studying the coupling reaction in isolation it was found that pure anatase TiO2 was 
more active and subsequently for all telescoped experiments a 31 nm nanopowder anatase TiO2 was 
used (Alfa Aesar). All of the catalysts used in this study were pelletised with 4,000 N force using a 
pellet press, then ground and sieved to give the appropriate particle size range, typically 63-75 µm 
or 90-120 µm. Typically the proportion of catalyst attaining the desired sieve fraction was 10-20%. 
BET studies showed only a small reduction in surface area, from 58.7 m2/g to 53.65 m2/g after 
pelletisation.  
2.2 Reactor Design & Experimental Set Up 
The reactions were carried out in both silicon-glass microreactors and in tube capillary reactors. The 
silicon-glass microreactors consisted of serpentine channels of dimensions 600 µm width, 300 µm 
height and 190 mm length with rectangular posts at the outlet to retain the solid catalyst. These 
reactors have been used in earlier work and their fabrication using photolithography and DRIE is 
described elsewhere [49]. The tube capillary reactors consisted of PTFE tubing with 1.587 mm O.D. 
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and 1 mm I.D. (VICI Jour). The catalyst was retained in the tubing by use of a nickel mesh (Tecan, UK) 
of 25 µm thickness and 25 µm diameter holes which was held in place with compressive force 
between a PEEK union (Upchurch) and a PEEK ferrule (Upchurch). The tube reactor was used when 
the catalyst mass required surpassed the maximum catalyst loading of the silicon-glass 
microreactors (approximately 40 mg of TiO2). The silicon-glass reactor was heated using heating 
cartridges in a chuck enclosed in ceramic packaging for insulation, while the tube reactor was heated 
in a stirred oil bath. In both cases the catalysts were loaded into the reactors by applying vacuum to 
the reactor outlet and introducing a known mass of catalyst through the reactor inlet. The reactors 
were weighed before and after loading to measure the mass of catalyst.  
A number of experiments were conducted including studying the oxidation, coupling and reduction 
reactions independently and also in series. Additionally, in many cases when studying reactions in 
isolation small amounts of likely impurities (side products, unreacted reagents from upstream 
reactions) were added to study reaction inhibition. The experimental set-up varied depending on the 
reaction(s) being studied, but in all cases the same equipment was used. Liquid feeds (alcohol in 
acetone solution) were introduced using stainless steel 8 mL syringes (Harvard Apparatus) and 
syringe pumps (Harvard Apparatus, Ph.D. Ultra). The gases were fed using mass flow controllers 
(Brooks 5850TR) and the pressure at the reactor outlet was controlled using a back pressure 
regulator (Swagelok KBP series, 250 PSIG). The liquid product was collected in a custom made PEEK 
collection vessel, which separated the liquid from the gas via gravity. A schematic of the 
experimental set-up for gas-liquid reactions, such as the oxidation and reduction reactions, is shown 
in Figure 2. For liquid only experiments (coupling reaction) the gas inlet on the microreactor chip was 
closed and the system was pressurised with nitrogen gas flowing directly into the PEEK collection 
vessel. 
 
Figure 2 Experimental set-up for gas-liquid reactions in a silicon-glass micropacked bed reactor. 
The experimental set-up for the telescoped flow system is shown in Figure 3, where the reactors 
were connected in series with a tube-in-tube membrane separator immediately after the oxidation 
reactor to remove the oxygen gas. The membrane separator consisted of a 65 cm long Teflon AF-
2400 tubular membrane (Biogeneral, U.S.) of I.D. 0.8 mm and thickness 0.1 mm within a 3.175 mm 
O.D., 2.4 mm I.D. PTFE tube (VICI Jour). The tube-in-tube membrane device operated with the gas-
liquid flow in the inner tube at 6 bar pressure while the outer tube was connected to a vacuum 
pump (KNF labs) providing -500 mbar vacuum. In the literature, such Teflon AF-2400 membranes 
operated satisfactorily at even higher pressure differences of 13 bar [59] or at elevated 
temperatures of 120 oC [45]. 
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Figure 3 Experimental set-up for the multistep synthesis of benzylacetone and 4-(4-methoxyphenyl)butan-2-one. The red 
sections in the reactors represent the catalyst packed bed, MFC (mass flow controller), BPR (back pressure regulator) 
and P (pressure sensor). 
2.3 Product Analysis  
The liquid product was analysed off-line using gas chromatography (Agilent, 7820A) with a FID 
detector and an Agilent DB-624 capillary column. Mesitylene was used as an internal standard to 
allow for volume change corrections associated with the generation of water and the loss of acetone 
through evaporation upon sample collection and depressurisation. A carbon balance where the 
concentration of the reactant in the feed was compared to the concentration of the reaction 
products in the outlet stream is shown in Eq 1, where C represents concentration (M) and pi and f 
represent the stoichiometric coefficients of the i-th product species and the alcohol feed (f=1). For 
the benzylacetone system the carbon balance was found to close within 95% when studying 
reactions in isolation, and to within 70-90% when studying the entire multistep system. All chemical 
species; benzyl alcohol (1), benzaldehyde (2), toluene (2b), benzene (2c), benzoic acid (2d), benzyl 
benzoate (2e), benzalacetone (3), dibenzalacetone (3b), benzylacetone (4), 4-phenylbutan-2-ol (5), 
4-methoxybenzyl alcohol (1), 4-methoxybenzaldehyde (2), 4-methylanisole (2b), anisole (2c), 4-(4-
methoxyphenyl) butan-2-one (4), 4-4(methoxyphenyl)butan-2-ol (5), acetone and mesitylene were 
from Sigma Aldrich. 
𝐶𝑎𝑟𝑏𝑜𝑛 𝐵𝑎𝑙𝑎𝑛𝑐𝑒 =
𝐶𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝐼𝑛 − (𝐶𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑂𝑢𝑡 + ∑
𝑓
𝑝𝑖
∗ 𝐶𝑖 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑂𝑢𝑡)
𝐶𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝐼𝑛
 
 
(Eq 1) 
Reactant feed conversion X, was calculated using Eq 2 and the selectivity Si, using Eq 3. When 
studying reactions in isolation the average reaction rate, rav (mol/s/g catalyst) was calculated 
according to Eq 4, where 𝑚 is the catalyst mass (g) and 𝜐 is the inlet liquid flowrate (L/s). The 
reaction rate varies along the length of the packed bed, however this average reaction rate is still a 
useful parameter for comparison purposes. The yield of the reaction to each species i, Yi represents 
the fraction of the reagent that forms species i, and it was calculated according to Eq 5 which takes 
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into account the reaction stoichiometry. The catalyst contact time in flow was calculated by dividing 
the catalyst mass by the mass flowrate of alcohol as shown in Eq 6. In the batch system the catalyst 
contact time was calculated by dividing the product of reaction time t and catalyst mass by the mass 
of alcohol in the reactor, which is given by the product of the reactor volume V, feed concentration 
and molecular weight of the feed alcohol MWReactant, as shown in Eq 7. When studying the reactions 
in isolation, the coupling and reduction catalysts were observed to undergo considerable 
deactivation, with up to 50% loss in activity in 8 h of operation. For this reason fresh catalyst was 
used every day and a deactivation correction procedure assuming linear deactivation was applied as 
discussed in the Supplementary Information. Error bars represent 1 standard deviation calculated 
from triplicate sampling. 
𝑋 =
𝐶𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝐼𝑛 − 𝐶𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑂𝑢𝑡
𝐶𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝐼𝑛
 
(Eq 2) 
𝑆𝑖 =
𝑓
𝑝𝑖
∗ 𝐶𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑡
𝐶𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝐼𝑛 − 𝐶𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑂𝑢𝑡
 
(Eq 3) 
𝑟𝑎𝑣  =
(𝐶𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝐼𝑛 − 𝐶𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑂𝑢𝑡)𝜐
𝑚
 
(Eq 4) 
𝑌𝑖 =
𝐶𝑖 𝑂𝑢𝑡 ∗
𝑓
𝑝𝑖
𝐶𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝐼𝑛
 
(Eq 5) 
𝐹𝑙𝑜𝑤 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑇𝑖𝑚𝑒 =  
𝑚
𝜐 ∗ 𝑀𝑊𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 ∗ 𝐶𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡
 (Eq 6) 
𝐵𝑎𝑡𝑐ℎ 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑇𝑖𝑚𝑒 =  
𝑡 ∗ 𝑚
𝑉 ∗ 𝑀𝑊𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 ∗ 𝐶𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡
 
(Eq 7) 
3. Results & Discussion 
3.1 Batch Cascade vs Telescoped Flow 
The telescoped flow synthesis of both benzylacetone and 4-(4-methoxyphenyl)butan-2-one  were 
successfully performed using the experimental set-up shown in Figure 3. For both feed molecules 
the same catalysts were used (1 wt% AuPd/TiO2, anatase TiO2 and 1 wt% Pt/TiO2) and the standard 
experimental conditions were 115 °C, 130 °C and 120 °C for the oxidation, coupling and reduction 
reactions, 2 NmL/min oxygen gas flowrate and 1.5 NmL/min hydrogen flowrate with the system back 
pressure regulator set to 5 barg. Variable feed concentrations, liquid flowrates and catalyst masses 
were studied for both systems. The operating conditions were chosen based on information 
obtained studying the reactions in isolation by performing parametric studies (varying liquid and gas 
flowrates, temperature, pressure and particle sizes), which is discussed in the Supplementary 
Information. 
Maximum yields of 56% for benzylacetone were obtained in telescoped flow when using the most 
dilute feed concentrations studied (0.72 M). This is a major increase on the 8% yield obtained in 
batch as shown in Figure 4 [39], however the low batch yield may be partially due to the fact that 
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the batch system was optimised for the 4-methoxybenzyl alcohol feed and not the benzyl alcohol 
feed. The yield from the batch synthesis was calculated by multiplying the reported conversion by 
the reported selectivity and multiplying again by a factor for the unidentified species, as the 
reported selectivity was calculated as the fraction of desired product over the sum of all identified 
species (only 70-80% of species were identified) [39]. The dramatic increase in yield is attributed to 
the greater flexibility of the telescoped flow system being able to perform each reaction in a 
separate reactor, allowing the choice of different catalysts and operating condition for each 
reaction. It is also expected that the multistep flow system has greater potential for optimisation. In 
this work the choice of catalyst was limited to those previously used in batch to focus on the study of 
the reactor system and widened design space instead of catalyst performance. However, if more 
suitable aldol condensation catalysts were used, such as metal oxides (ZrO2 and TiO2) [53-55], double 
layered  hydroxides [56] and amine-functionalised SBA-15, ZrO2 and TiO2 [52], then it is expected 
that even better performance could be achieved.  
As shown in Figure 4, the telescoped flow system showed a higher yield of the 4-(4-
methoxyphenyl)butan-2-one than the one-pot synthesis when both systems used TiO2 supported 
catalysts (48% compared to 41%). However, when the batch system used the MgO catalyst, the yield 
exceeded that achieved in flow (48% compared to 63%). This was largely because the AuPd/TiO2 
catalyst which was used in flow, was not able to achieve the high selectivity in the oxidation reaction 
that the AuPd/MgO catalyst was able to achieve in batch. Unfortunately, it was not possible to use 
the MgO support in micropacked bed reactors, as the support particles broke into smaller particles 
and clogged the reactors. This demonstrates a drawback of current telescoped flow systems, in that 
the catalyst must be compatible with packed beds as current slurry reactors which retain the slurry 
in the reactor (via filtration at the reactor exit) are not reliable enough to integrate with a telescoped 
system. The majority of reliable slurry reactors today instead have the slurry passing out of the 
reactor outlet [28-35].  
 
Figure 4 Yields of the benzylacetone and 4-(4-methoxyphenyl)butan-2-one systems for both the one-pot and flow 
experiments. In flow, only TiO2 supported catalysts were used but in batch TiO2 or MgO were used. The flow data is from 
the most dilute experiments conducted (0.72 M benzyl alcohol, 0.75 M 4-methoxybenzyl alcohol) which produced the 
highest yield of the desired product. Both flow systems were run at the standard temperatures, pressure and gas flows. 
The benzyl alcohol flow system had a liquid flowrate of 40 µL/min and 10.4 mg, 223 mg and 12.0 mg of catalysts for the 
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oxidation, coupling and reduction reactions respectively. The methoxybenzyl alcohol flow system had a flowrate of 10 
µL/min and 10.1 mg, 152 mg and 9.5 mg of catalysts for the oxidation, coupling and reduction reactions respectively. 
Data for the one-pot experiments was taken from [39]. The batch experiments used 500 mg of 1 wt% AuPd/supported 
catalysts at 5 barg for 22 h and with feed concentration approximately 0.9 M, the reaction temperature was 75 oC for 
the TiO2 support and 125 oC for the MgO support experiments.   
The main advantage of the multistep flow system was not just in yield improvement but in smaller 
catalyst requirements and increased productivity. Primarily, the multistep flow system allowed for 
the replacement of significant amounts of the expensive nanoparticle supported catalysts with the 
cheaper TiO2 catalyst. To process a similar amount (0.01 moles) of either feed alcohol, the batch 
system used 500 mg of AuPd supported catalyst, while the flow system used only 20 mg 
nanoparticle supported catalysts (approximately 10 mg of AuPd/TiO2 and 10 mg of Pt/TiO2) and 150-
250 mg of the cheap anatase TiO2. Additionally, although the catalyst contact time per gram of 
alcohol varied in the flow experiments due to the range of inlet liquid flowrates, feed concentrations 
and catalyst masses used, the experiments still suggest that the catalyst was being used more 
efficiently in flow than in batch. For the benzylacetone experiment shown in Figure 4, which 
produced the maximum yield, the catalyst contact times were only 55 h mgcatalyst /galcohol and 65 h 
mgcatalyst /galcohol for the oxidation and reduction reactions and 1,190 h mgcatalyst /galcohol for the 
coupling reaction. In comparison, in the one-pot system the catalyst contact time was calculated by 
dividing the product of reaction time (22 h) and catalyst mass (500 mg) by the mass of alcohol (1.3 
g), and for the benzylacetone one-pot system this was 8,460 h mgcatalyst /galcohol. Thus, the total 
amount of catalysts utilised in the benzyl alcohol multistep flow system was approximately 6.5 times 
lower than in the one-pot system. For the 4-methoxybenzyl alcohol system the same comparisons 
are harder to make, as the batch reaction reached completion before the end of the 22 h.  
3.2 Catalyst Inhibition 
It was found that the yield of the telescoped flow system decreased with increasing feed 
concentration, as shown in Figure 5 and Figure 6. While this was partly due to the decreasing 
catalyst contact time, it was discovered that the coupling reaction in the multistep system suffered 
from extreme water inhibition due to the generation of water in both the oxidation and coupling 
reactions. This resulted in the requirement of using dilute feed concentrations of less than 1.3 M as 
well as using excess TiO2 to compensate for reduced activity. The water inhibition can be seen in 
Figure 5, where the amount of unreacted alcohol (1) and unreacted aldehyde (2) was significantly 
higher for the 3.06 M feed than the other lower concentration experiments. The result of the 3.06 M 
feed experiment shown in Figure 5 suggests that both the oxidation and coupling reactions could be 
inhibited by high feed concentrations, as there were large amounts of unreacted benzyl alcohol (1) 
as well as benzaldehyde (2). However, it was later demonstrated that only the coupling reaction was 
inhibited by water and not the oxidation reaction, which proceeded with near 100% conversion in all 
cases. The benzyl alcohol (1) in the outlet stream was actually produced from the reduction of 
unreacted benzaldehyde (2) in the reduction reactor. This was confirmed in the 3.06 M experiment 
by replacing the hydrogen gas with nitrogen in the reduction reactor; the amount of unreacted 
benzyl alcohol then dropped to almost zero and the yield of unreacted benzaldehyde rose 
dramatically to 70%. Studies of the coupling reaction in isolation showed that water concentration of 
just 2.75 wt% resulted in a 50% drop in activity, as shown in the Supplementary Information. 
Assuming complete conversion of all benzyl alcohol feed, a feed concentration of only 1.3 M would 
produce the 2.75 wt% water necessary for water inhibition. This suggests that the 1.83 M 
experiment in Figure 5 is also suffering from water inhibition, but that there is a sufficient excess of 
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TiO2 catalyst to partially compensate for this. The reduction reaction was also found to be inhibited 
by water. However, a higher concentration of water was required to inhibit the reduction reaction 
than the coupling reaction; hence this did not impose any extra design constraints on the multistep 
flow system. The same water inhibition was observed in the synthesis of 4-(4-Methoxyphenyl)butan-
2-one as shown in Figure 6.  
 
Figure 5 Yield of reaction products from the multistep flow synthesis of benzylacetone in flow at four different inlet 
concentrations of benzyl alcohol, and from an experiment where no hydrogen gas was used (to prevent the reduction 
reaction). The standard experimental conditions of temperatures, pressure and gas flows were used. The mass of 
oxidation and reduction catalysts were approximately 10 mg for all experiments. The inlet liquid flowrate and coupling 
catalyst mass varied for different experiments to keep the coupling catalyst contact time to a similar value between 
experiments; the coupling catalyst mass was approximately 250 mg for the 0.72 M and 1.16 M experiments and 150 mg 
for the 1.83 M and 3.06 M experiments, while the inlet liquid flowrate was 40 µL/min, 40 µL/min, 10 µL/min and 20 
µL/min for the 0.72 M, 1.16 M, 1.83 M and 3.06 M experiments respectively. 
 
Figure 6 Yield of reaction products from the multistep flow synthesis of 4-(4-methoxyphenyl)butan-2-one in flow at 
three different inlet concentrations of 4-methoxybenzyl alcohol. The liquid flowrate was 10 µL/min and the standard 
experimental conditions for temperatures, pressure and gas flowrates were used with 10 mg, 150 mg and 10 mg of 
catalysts for the oxidation, coupling and reduction reactions respectively. 
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The coupling reaction was also inhibited by even very low concentrations of benzoic acid (2d); just 
0.03 M benzoic acid in the coupling reactor feed stream led to a drop in the reaction rate of 30%. 
Unfortunately, trace amounts of benzoic acid are unavoidable in the oxidation reaction and even 
after attempting to tune the reaction conditions to minimise its formation, the concentration of 
benzoic acid was approximately 0.03 M resulting in some inhibition. Inhibition studies conducted for 
the reduction reaction in isolation also showed that the reduction reaction was inhibited by various 
organic species, including benzaldehyde (2) and dibenzalacetone (3b) as shown in the 
Supplementary Information. However, this was not found to be significant in the telescoped flow 
system, as the concentration of the inhibiting by-products did not reach the high values that were 
added to the feed solution in the isolated inhibition studies. Furthermore, the rate of the reduction 
reaction was sufficiently high that a certain level of inhibition was tolerable and could be offset by an 
increase in the catalyst mass, especially in comparison to the much slower coupling reaction.  
3.3 Effect of Catalyst Contact Time 
The effect of catalyst contact time was investigated for both the benzylacetone and the 4-(4-
methoxyphenyl)butan-2-one system by changing the inlet liquid feed flowrate while keeping all 
other conditions constant. The results in Figure 7 for the 4-(4-methoxyphenyl)butan-2-one system, 
show the expected trend that at lower catalyst contact times the conversion of both the oxidation 
and the coupling reaction decreased. However, when the oxidation reaction was carried out at 
similar conditions or even with a lower catalyst contact time than that used in the telescoped system 
(9.4 mg of 1 wt% AuPd/TiO2 at 115 oC, 2 NmL/min O2 flowrate, 20 µL/min liquid flowrate of 0.96 M 
4-methoxybenzyl alcohol feed at 6 bar back pressure) greater than 95% conversion was achieved. 
Therefore it is suspected that the unreacted alcohol (1) in the outlet is not due to lower performance 
in the oxidation reactor but due to unreacted aldehyde (2) being converted back to alcohol in the 
reduction reactor. The same trend was observed for the benzylacetone system, as shown in the 
Supplementary Information. 
 
Figure 7 Yield for the 4-(4-methoxyphenyl)butan-2-one system at three different inlet liquid flowrates using a 1.1 M feed 
of 4-methoxybenzyl alcohol. The standard experimental conditions for temperatures, pressure and gas flowrates were 
used with 10 mg, 149 mg and 11 mg of catalysts for the oxidation, coupling and reduction reactions respectively. 
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3.4 Oxygen Separation 
The removal of oxygen gas was found to be critical in the multistep flow synthesis for a number of 
reasons including safety and optimising the coupling and reduction reactions. While microreactors 
are known for their increased safety [60, 61], oxygen gas removal was performed to prevent oxygen 
mixing with hydrogen gas downstream and creating an explosive atmosphere in the bypass vessel, 
which had a sufficiently large volume (200 mL) to present a hazard under the high operation 
pressure. It was also discovered that the rate of the coupling reaction dropped significantly if either 
the liquid feed was allowed to vaporise or if any gas was flowing with the liquid; this is shown in the 
Supplementary Information. This prevented the integration of the coupling reaction with either the 
oxidation or reduction reactions and it required oxygen gas removal immediately after the oxidation 
reaction. It is possible that the decrease in coupling reaction rate in the presence of gas was due to 
loss of acetone in the liquid phase by evaporation, leading to a lower concentration available for 
reaction and increased difficulty in removing the resultant products from the catalyst surface. The 
removal of oxygen gas was achieved using a tube-in-tube membrane, as complete removal of 
oxygen could be reliably achieved even under conditions where pressure fluctuated significantly, 
such as during sample taking or when changing the flowrates. In addition to oxygen, acetone also 
permeated through the membrane and was lost from the reaction mixture in low quantities 
(approximately 7% of the initial acetone was lost to evaporation, when the initial concentration of 
acetone was typically 9 M or 70% by mass of the feed solution), but this loss was considered 
acceptable. 
3.5 Coupling Catalyst Issues and Effect on Telescoped Reactor Design 
The coupling reaction was found to be a bottleneck in this system, as its reaction rate without any 
impurities in the feed was only 1.5*10-5 mol/g/s, approximately an order of magnitude lower than 
that of the oxidation or reduction reactions, and then its reaction rate was further reduced due to 
catalyst inhibition as mentioned previously. The low reaction rate led to the use of more than 150 
mg of anatase TiO2, which exceeded the 40 mg maximum capacity of the silicon-glass microreactors, 
requiring the use of a packed tube reactor. This larger packed bed caused a pressure drop of about 
1.5 bar and due to its large catalyst mass it clogged on more than one occasion. The maximum inlet 
liquid flowrate was limited at 40 µL/min, as higher flowrates required even longer catalyst beds, 
greater pressure drops and increased the likelihood of clogging the reactor. Therefore this catalyst 
restricted the maximum liquid flowrate possible and hence limited the productivity of this system. 
Furthermore, heating the packed tube in an oil bath required long connection tubing that increased 
the system residence time.  
The study of the coupling reaction, included in the Supplementary Information, suggests that this 
catalyst may not be ideal for the multistep flow system, and other catalysts may provide improved 
performance. The key findings regarding the coupling reaction were that at temperatures >120 oC, 
which are the best operating conditions for the multistep system, the reaction shows significant 
external mass transfer resistances and is inhibited by the product. The external mass transfer 
resistances are demonstrated in Figure 8 at high temperatures of 140 oC, where the rate of reaction 
increased with increasing liquid flowrate for a constant catalyst contact time. At lower temperature 
of 100 oC external mass transfer resistances are not observed, indicating that the reaction swaps 
from kinetic control to mass transfer control between these two temperatures. Note that all the 
data points corresponded to a conversion of less than 40% , explaining why the catalyst contact time 
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had a minimal effect on reaction rate. Product inhibition is shown in Figure 9 where the rate of 
reaction decreases as increasing concentrations of the product benzalacetone (3) and side product 
dibenzalacetone (3b) are added to the feed solution. This information suggested that this anatase 
TiO2 catalyst was not very suitable for a multistep flow system where 100% conversion is required. 
This conclusion was reached for two reasons. Firstly, 100% conversion would lead to product 
inhibition except in the case of very dilute feed. This catalyst would be much more efficient 
operating at lower conversions. Secondly, this catalyst operates best at high liquid flowrates to 
reduce mass transfer resistances, but if 100% conversion is required it is not possible to use high 
flowrates as a large catalyst bed will be needed and the high flowrates would cause unreasonable 
pressure drop. However, despite the challenges this catalyst created, it was still possible to find flow 
operating conditions that produced a high yield of the final product. This demonstrates that in a 
situation when one must use a given catalyst it is still possible to convert from batch to flow, but also 
that further optimisation can be achieved by improving the catalyst. 
 
 
Figure 8 Average reaction rate (corrected for deactivation) against inlet liquid flowrate for the coupling reaction of 
benzaldehyde with acetone. Experimental conditions were 6 barg, 2.2 M benzaldehyde in acetone, 63-75 µm TiO2 
catalyst. Catalyst amounts were chosen to give the desired catalyst contact times (mg/min/µL), except of the 100 °C 
experiment where 15 mg of catalyst was used for all experiments.  
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Figure 9 Average reaction rate (corrected for deactivation) against concentration of the product benzalacetone in the 
feed stream for the coupling reaction of benzaldehyde with acetone. Experimental conditions were 6 barg, 10 µL/min 
inlet liquid feed rate of approximately 2.8 M benzaldehyde in acetone, 8 mg of 63-75 µm TiO2 catalyst. In addition to 
benzalacetone (3), the side product dibenzalacetone (3b) was added to the feed at approximately 20% of the 
benzalacetone concentration.  
3.6 Catalyst Deactivation 
Deactivation was found to be a serious problem in the batch cascade study, where reusing catalyst 
from one batch to the next led to a fall in conversion from 100% to 46% after a single use in 
hydrogen atmosphere and from 96% to 0% in nitrogen atmosphere [39]. Deactivation has also been 
observed in flow for the oxidation of benzyl alcohol, where it was shown to be related to the catalyst 
formulation and preparation method [47]. Similarly, in this multistep flow system deactivation was 
also found to be a significant problem. Deactivation of up to 50% in 8 h of operation was observed 
when studying the coupling and reduction reactions in isolation, where a colour change of the 
catalyst was observed, forming a front that travelled down the length of the packed bed (shown in 
the Supplementary Information). This colour change provides further evidence to the hypothesis 
originally suggested in the batch study that deactivation is linked to adsorption of carbon species on 
the catalyst surface [39]. The problem of using deactivating catalysts in telescoped systems could be 
partially overcome by using an excess of catalyst. This was demonstrated for the benzylacetone 
telescoped system, as the yield of benzylacetone remained stable after 6.5 h of continuous 
operation, as shown in Figure 10. While the duration of this flow experiment (6.5 h) is far shorter 
than the batch (22 h), the amount of alcohol processed (0.01 moles in flow and 0.009 moles in 
batch) is comparable, hence showing that the effect of deactivation in flow was reduced. Despite the 
relative stability of the system over the 6.5 h experiment, catalysts with higher stability would be 
needed for industrial application. 
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Figure 10 Deactivation study for the benzylacetone telescoped system, showing yield of various products against 
operation time. The standard experimental conditions of temperatures, pressure and gas flowrates were used with 10.4 
mg, 223 mg and 12.1 mg of oxidation, coupling and reduction catalysts respectively and an inlet liquid flowrate of 40 
µL/min of 0.7 M benzyl alcohol in acetone. 
4. Conclusions 
The multistep synthesis of benzylacetone and 4-(4-methoxyphenyl)butan-2-one using AuPd, Pd and 
Pt supported catalysts was successfully converted from batch cascade to a telescoped flow system 
demonstrating both the advantages and challenges of flow systems. The most critical advantage of 
the telescoped flow system compared to the batch cascade was the ability to separate the three 
reactions, oxidation, coupling and reduction, hence allowing more freedom to choose different 
catalysts and operating conditions without the necessity of finding a compromise among reactions. 
In this case this freedom enabled process intensification, reducing catalyst contact requirements by 
a factor of 6.5 for the benzylacetone system and allowing the replacement of significant amounts of 
expensive nanoparticle supported catalysts with cheaper anatase TiO2 catalyst. Additionally, the flow 
system attained higher yields of 4-(4-methoxyphenyl) butan-2-one than the batch system when both 
systems used TiO2 supported catalysts (48% compared to 41%). However, the drawback of the 
telescoped flow system was that it was not possible to use the MgO supported catalyst that was 
found to be better for this reaction in the batch cascade, due to the MgO not having suitable 
mechanical properties to be used in a micropacked bed. This resulted in the telescoped flow system 
not being able to achieve the highest yield to 4-(4-methoxyphenyl) butan-2-one of 63%, which was 
achieved in batch with the MgO supported catalyst. Despite this drawback, the telescoped flow 
system with TiO2 supported catalysts was able to outperform the batch flow system with the 
preferred MgO supported catalysts for the synthesis of benzylacetone (56% compared to 8%). While 
in this work the selection of catalysts for the telescoped flow system was restricted to those used in 
batch to focus on the effect of reactor configuration (batch vs flow), it is expected that the 
performance of the telescoped flow system could be improved if the choice of catalysts is extended 
beyond the nanoparticle supported catalysts previously used in the batch system. This would be 
taking full advantage of the telescoped flow system’s extended design space and may overcome 
some of the challenges encountered in this work, including water and product inhibition. 
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